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ABSTRACT 
This paper presents a case study on a 275 kV oil-filled cable. The condition assessment 
and diagnosis are based on analysis of cable surface temperature in relation to its 
current load and insulation dielectric loss. The work was initiated by a local abnormal 
temperature rise of 5.2 °C in cable surface temperature, which was observed during a 
routine inspection. The temperature rise occurred at bend area with a length of 
approximately one metre in the Blue Phase. No PD activity was identified using on-line 
PD measurement. The relation between cable surface temperature, cable core 
temperature and cable insulation condition was then simulated based on the thermal 
model of power cables. According to simulation analysis, poor condition of cable 
insulation or oil from an oil duct penetrating a region under the cable surface were 
identified as possible reasons for the problem observed. An in service X-ray scanning 
technique was employed for further investigation and to aid diagnosis. The X-ray 
images revealed a slight distortion of the PVC sheath and the presence of multiple voids 
between cable insulation paper and the lead sheath. It was concluded that an oil leakage 
from the oil duct to the voids under the cable lead sheath was responsible for the local 
cable surface temperature rise. The result removed the concern of incipient cable 
breakdown, and a potential unplanned outage. 
   Index Terms — oil filled cables, cable insulation, temperature measurement, liquid 




UNDER in-service conditions, the insulation in power 
cables is continuously subject to electrical, thermal, 
mechanical and environmental stresses. The reaction to 
inherent stresses may result in insulation degradation and, 
finally, failure [1]. Manufacturing defects, poor workmanship 
in installation and maintenance were identified as the major 
causes of cable failures [2,3]. Defects in cable insulation can 
lead to partial discharge (PD) activity, higher dielectric loss 
(tan δ) and heating [4-6].  
A PD signal is a current pulse which has a duration of a few 
nanoseconds [7]. Cable PD activity is usually detected via high 
frequency current transformer (HFCT). PD can indicate any  
 
local defect in cable insulation which has sufficient local 
electric field magnitude to initiate discharge [8]. Both on-line 
and off-line measurements of PD have been widely used in 
cable condition monitoring. Dielectric loss or dissipation factor 
is the value of the ratio of resistive current to capacitance 
current through cable insulation, as described in Figure 1. 
Dielectric losses consist of polarisation losses, conductivity 
losses and ionisation losses [9]. The movement of polarised 
molecules, ions and electrons, which are dependent on 
temperature and electrical field, determine the polarisation 
losses and conductivity losses [10]. Tan δ, as indicated in 
equation (1), is inversely proportional to frequency. For 
operational reasons it is preferred that measurement of tan δ is 
made under very low frequency excitation while the cable is 
switched out of circuit. Off-line insulation resistance (IR) 
measurement is usually based on the measurement of DC Manuscript received on 8 May 2018, in final form 16 December 2018, 
accepted xx Month 20yy.  Corresponding author: H. Yi.  
  
 
Figure 1. Dielectric loss. 
leakage current [11]. The result varies as the change of 
insulation thickness and conductor surface area [12]:  
 Tan δ= IR/IC=1/ωRC. (1) 
 
A number of researchers have investigated cable condition 
monitoring via PD, tan δ and cable insulation resistance (IR) 
measurement [11, 13, 14]. However, PD signals are sensitive 
to noise level [15] and the other two diagnosis methods cannot 
reflect local defect in cable insulation [14, 16]. This paper 
presents a case study which aims to explain the possible 
reasons for the local heating phenomenon in a one metre 
section of a 275 kV oil-filled (OF) cable.  
Following the description of the problematic cable, the paper 
provides the results of PD tests which were carried out to 
detect local defects of the insulation. Then, through simulation 
of thermal effects of the cable in relation to current load and 
dielectric loss, two possible reasons behind the local 
temperature rise were derived. Finally, the study aims to 
confirm the explanations through the application of an in-
service X-ray technique. The X-ray image on the cable 
indicates the presence of voids between paper insulation and 
lead sheath. It is believed that these were the cause of the local 
cable surface temperature rise. 
2 CABLE CONSTRUCTION AND CASE 
DESCRIPTION 
The cable was 275 kV OF with oil immersed sealing end 
established in a power station. The construction of the cable is 
shown in Figure 2 and cable details are provided in Table 1. 
The cable has been in operation for over 30 years. The full 
load that the cable is designed for is 128 A, but with the 









Figure 2. The configuration of the 27 5kV OF cable. 
 
As shown in Figure 3, the Blue phase is apparently bent 
between two cleats which are used to fix the cable. In Nov. 
2017, an inspection via infrared thermal images of the three 
phase cable, at 6 °C ambient temperature, revealed a local 
cable surface temperature rise of 5.2 °C above other phases 
around the bent area of Blue phase (in Figure 4). In details, 
the temperature of Blue phase was 17 °C which was 11 °C 
rise above the ambient temperature, while the temperature 
of the other phases were 11.8 °C which were 5.8 °C higher 
than the ambient temperature. 
Table 1. Dimension and Load Information for the 275 kV OF Cable. 
Length 750m Full load 128A 










Core Copper Sheath Lead 
Insulation Paper Serving PVC 
 
 
Figure 3. 275kV OF cable (Blue Phase) – the area marked in the green 
ellipse was observed to have a 5.2°C temperature rise. 
 
 
Figure 4. Infrared thermal image of the Blue Phase. 
  
The PD tests were carried out on the Jan 30th 2018. As 
shown in Figure 5, three HFCTs were clamped at the 
earthing strap of the cable terminations: these were 
connected to CH1, CH2 and CH3 of a bespoke DAQ box 
using BNC cables. The acquired data was then saved to 
laptop computer and analysed via specialist software. The 
test results are shown in Figure 6; examples of pulsative 
signals are highlighted in the ellipses in Figure 6a. 
 
Figure 5. Physical connections of test instruments. 
 
Oscillatory signals of high magnitude were observed from 
all three phases. Through analysis of pulse shape and signal 
phase resolved pattern, the signals are diagnosed as being 
noise. No PD pulse was detected in signals from the three 
phases. In detail, as shown in Figure 6b, the large pulse that 
is marked in Figure 6a as (1) has a frequency of around 
1MHz with the RED phase showing the highest magnitude. 
As shown in Figure 6c, the frequency of the pulse indicated 
in Figure 6a as (2) has a frequency of 1.43MHz, with the 
Blue phase having the highest magnitude. 
 
(a) Results of PD test, with all three-phase results overlaid 
  
(b) Zoomed-in results at 9.315ms  (c) Zoomed-in results at 14.017ms 
when CH2 has highest magnitude  when CH3 has highest magnitude 
Figure 6. The results of PD test of the problem cable. 
3 CALCULATION OF CABLE 
TEMPERATURE RISE 
Since the traditional PD test could not explain the 
temperature rise in the OF cable, further investigation was 
required to determine the cause of the abnormal 
temperature rise in cable surface. Heating loss caused by 
insulation degradation is investigated in the following 
section.  
3.1 THERMAL MODEL OF SING-CORE CABLE 
According to IEC 60287 [17], the thermal model of a 
single-core cable can be mathematically assessed, as 























































Dielectric loss Sheath loss Armour loss  
Figure 7. The schematic of thermal model of a power cable. 
Two heating sources are responsible for cable temperature 
rise, i.e. cable conductors, including cable core and cable 
metallic sheath, and cable insulation. The load current and 
sheath current result in electrical losses and insulation 
deterioration leads to dielectric loss [18]. The equation to 
calculate the rise in temperature of the cable core in excess 
of ambient temperature is expressed as Equation (2): 
  
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 (2) 
Here, R is the AC resistance per unit length of the cable 
core at actual operating temperature; I is the load current 
flowing in the cable core, (A); Wd is the dielectric loss per 
unit length of cable insulation, which is calculated from (3), 
(W/m); T1 is the thermal resistance per unit length of cable 
insulation, (K.m/W); T2 is the thermal resistance per unit 
length of the bedding between sheath and armour, 
(K.m/W); T3 is the thermal resistance per unit length of the 
external serving of the cable, (K.m/W); T4 is the thermal 
resistance per unit length of the surrounding media, 
(K.m/W); λ1 is the ratio of losses in the metal sheath to total 
losses in all conductors in that cable; λ2 is the ratio of losses 
in armouring to total losses in all conductors in that cable; 
Δθ is the cable core temperature rise above ambient 
temperature, (°C), 
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The dielectric losses of cable increase as the insulation 
deteriorates and thus Δθ becomes greater. T4, as expressed 
in Equation (4), is relevant to cable surface temperature, 
where Δθs is the cable surface temperature rise above 
ambient temperature, (°C), and De
*
 is the external diameter 
of cable, (m). Equation (5) gives the relation between Δθ 
(1) (2) 
  
and Δθs. By applying an iterative process, which is shown 
in Figure 8, both Δθ and Δθs can be determined. 
 0.25 0.25
1 0.25













where, Δθd is a factor to account for dielectric loss and KA is 
a coefficient related to cable external diameter and thermal 


















Figure 8. Flow chart of iterative process. 
 
3.2 IMPROVED THERMAL MODEL FOR USE IN 
THE OF CABLE 
The method for calculating cable temperature rise 
provided in IEC 60287 does not consider the effects of 
current in the metallic sheath for the only one single core 
cable. In the case study, the circulating current in each of 
the phases was found to be 5.6, 0.5 and 4.6A, respectively. 
As indicated in [19] and [20], unequal earthing resistance or 
the flat formation of the cables may be the reasons for the 
difference in sheath currents among the three phases. This 
is important as in this case, the sheath currents can be 
significant comparing with the load currents as cables are 
earthed at both ends. Since the separation distance among 
the three OF cables are great enough, the loss factor related 
to cable sheath loss (λ1) and armour loss (λ2), which are 
determined by the installation method of the three phase 
cables and cable construction, can be neglected. The revised 
cable thermal model for the case study is presented in 
Figure 9. The difference between cable core temperature 
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4 RESULTS AND POSSIBLE REASONS 
FOR CABLE SURFACE TEMPERATURE 
RISE 
4.1 EFFECT OF SHEATH CURRENT ON 
TEMPERATURE RISE 
As mentioned above, the circulating currents of three 
phases are unequal, perhaps due to variation in earthing 
resistance. Circulating currents flow in metallic sheaths and 
result in electric losses, which can reduce the current rating 
of the power cables [21]. The temperature rises in cable 
surface were calculated under different values of sheath 
currents, i.e. 0.5 and 5.6 A respectively. 
  
Figure 10. Cable surface temperature in excess of ambient temperature. 
 
Figure 10 indicates that for the OF cable in the case study, 
the sheath currents has little effect on the cable surface 
temperature. Therefore the sheath current is not regarded as 
the reason for different temperature in the three phases. 
 
4.2 REASON 1 - INSULATION DEGRADATION 
The rise of cable core and cable surface temperature as 
the tan δ increase is illustrated in Figure 11. It was reported 
that for oil-impregnated paper cable (see Table 2) in [22], 
when tan δ is greater than 0.01, the cable insulation is 
assessed as being in bad condition and needing urgent 
action. Analysis shows that when tan δ values are 0.0017 
and 0.009, which correspond to good and considerably aged 
insulation conditions respectively, the corresponding cable 
surface temperatures are 5.8 and 11°C higher than ambient 
temperature correspondingly. In addition, if the tan δ 
increases from 0.001 to 0.01, it causes a cable surface 
temperature rise of 5.97 °C. 
 
Figure 11. Temperature of cable core and cable surface for 26A load 
current at an ambient temperature of 6°C. 
  
In the case study, because the cable section around the 
cleat is bent, it will have greater mechanical stress. The 
reason for a temperature rise in this region is more likely to 
be due to local insulation degradation rather than being due 
to moisture content, as quoted in the reference. It should be 
noted that the criterion for tan δ given in Table 2 is 
measured at an ambient temperature of 2 0°C. However, the 
ambient temperature was only 6 °C when the problem was 
observed and the tan δ of oil insulation is more temperature 
sensitive than that for extruded insulations [23]. According 
to the results from [24], in the temperature range from 6 to 
20 °C, the value of tan δ decreases as the cable core and 
surface temperature rises. Therefore, the tan δ value of the 
cable insulation should be greater at an ambient temperature 
of 6 °C. Consequently it can be concluded that a local 
surface temperature rise of 5.2 °C could be the result of 
locally aged insulation, and the degradation is under the 
threshold of moderately aged by the standards provided in 
[22]. 
 





0.002-0.0035 Below 1 Good 
0.0035-0.0050 1-2.5 Moderately aged 
0.0050-0.010 2.5-3.5 Considerably aged 
Above 0.010 Above 3.5 Bad condition 
 
4.3 REASON 2: LEAKAGE OF WARM OIL FROM 
OIL DUCT TO UNDER THE CABLE SURFACE 
For the Self-Contained OF cable used in the case study, 
the oil from the oil duct is allowed to flow through the cable 
core and it fills the free spaces between the core and 
insulation paper [25]. Since the oil duct is surrounded by 
the cable core, it is probable that the temperature of oil is as 
high as that of the cable core for long operating periods.  
Figure 11 also suggested that as tan δ increase, the 
temperature difference between cable core and cable 
surface becomes greater. When tan δ is 0.0031, for which 
cable insulation can be assessed as in good condition, cable 
core temperature is 6 °C above ambient temperature. 
Therefore another reason which explains the thermal 
problem observed would be an oil leakage from the cable 
core to under the cable surface without the cable insulation 
severely deteriorating. As a result, oil with higher 
temperature leaking from the oil duct through an existing 
path would infuse higher temperature oil through the 
insulated paper and result in a cable surface temperature 
rise. 
5 DIAGNOSIS BASED ON X-RAY 
TECHNIQUE 
An X-ray technique was used to help researchers confirm 
the proposed fault diagnoses. The X-ray images were taken 
from both front and back side of the Blue Phase, as shown 
in Figure 12a and Figure 12b, respectively. Cable 
construction is clearly displayed in the two X-ray images. 
Slight distortion of the cable can be demonstrated from 
inconsistent outer diameters of lead sheath, which are 66.2 
and 66.0 mm respectively, and various thickness of the lead 
sheath which are 2.9, 3.2 and 3.0 mm respectively. The red 
ellipses in Figure 12a and Figure 12b show the oil region 
between the cable insulation and lead sheath, this has 
different widths at various positions. 
  
             (a) Front images                                 (b) Rear images 













An area of approximately 
one meter length of oil 
patch between the cable 
insulation and lead sheath 
Outer sheath
(Not shown from 
the X-ray images)
The widths of the void 
at various positions
 
(c) Schematic diagram of the X-ray results, a representation of the front 
and rear X-ray images 
Figure 12. X-ray images of Blue Phase cable acquired on March 22nd 
2018. 
 
The images show that the thickness of the lead sheath 
varies, i.e. 3.2, 3.0 and 2.9 mm. The diameter of the 
conductor is shown to be 18.1 mm and the outer diameter of 
the lead sheath is shown to vary between 66.2 and 66.0 mm. 
The X-ray images also indicate a narrow region between 
cable insulation and lead sheath filled with oil. The lengths 
of the void at various positions in Figure 12a are measured 
as 9.7, 10.0 and 10.2 mm and in Figure 12b as 12.7, 11.8 
and 11.5 mm. As shown in Figure 12c, an oil filled region 
between the cable insulation and lead sheath, approximately 
one meter in length, may have been responsible for the 
abnormal temperature rise. As shown in Figure 13, channels 
formed due to distortion and deformation allow the higher 
  
temperature oil in the duct to move to under the cable 
surface, resulting in a local cable surface temperature rise. 
The above analysis confirms that oil leakage through the 
voids between cable insulation and lead sheath is the most 
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The case study has presented the diagnosis result of an 
abnormal local temperature rise in the surface of an OF 
cable. No cable PD activity was found during an online 
monitoring campaign. Cable surface and core temperature 
were then simulated based on the improved thermal model 
to analyse the insulation condition. Results revealed that 
degradation of cable insulation causes both cable surface 
and cable core temperatures to increase, meaning that the 
local temperature rise could be due to either leakage of 
warm oil from the oil duct in the centre of the cable to 
below the cable surface, or local insulation degradation. 
The X-ray images indicated that the oil-leakage was the 
reason for the problem as observed. In total five voids and 
channels were found between the cable insulation and lead 
sheath, and thus the oil from oil duct which had higher 
temperature would impregnate the insulation paper and 
caused local temperature rise.  
The result removed the concern of incipient cable 
breakdown, and a potential unplanned outage, which could 
cost multimillion pounds per day. 
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